Programmed cell death (PCD) is one of the important terminal paths for the cells of metazoans, and is involved in a variety of biological events that include morphogenesis, maintenance of tissue homeostasis, and elimination of harmful cells. Dysfunction of PCD leads to various diseases in humans, including cancer and several degenerative diseases. Apoptosis is not the only form of PCD. Recent studies have provided evidence that there is another mechanism of PCD, which is associated with the appearance of autophagosomes and depends on autophagy proteins. This form of cell death most likely corresponds to a process that has been morphologically defined as autophagic PCD. The present review summarizes recent experimental evidence about autophagic PCD and discusses some aspects of this form of cell death, including the mechanisms that may distinguish autophagic death from the process of autophagy involved in cell survival.
Autophagy
Here, we briefly summarize the well-established process of autophagosome formation. Readers who are interested in more detailed information on autophagy should refer to several excellent recent reviews. [2] [3] [4] Autophagosomes are double-membrane cytoplasmic vesicles that are designed to engulf various cellular constituents, including cytoplasmic organelles ( Figure 1 ). Autophagosomes fuse to lysosomes to become autolysosomes, where sequestered cellular components are digested. Autophagosomes and autolysosomes are formed during a process called macroautophagy (hereafter this is referred to as 'autophagy'), which is activated by starvation conditions associated with deficiency of nutrients such as amino acids. Autophagy is also known to be activated by hypoxic conditions and high temperatures. Autophagy is a process by which cells undergo partial autodigestion (the term is derived from ancient Greek meaning to 'eat oneself') that prolongs survival for a short time under starvation conditions. It provides nutrients that are necessary to maintain cell viability. It has more recently been shown that autophagy is also involved in the killing of bacteria that are ingested by cells. 5, 6 The molecular basis of autophagy has been extensively studied, mainly in yeasts, by investigation of autophagydefective mutants to identify the responsible genes (designated as atg). It is currently known that the basic mechanism of autophagy has been well conserved during evolution from the fact that diverse organisms, including yeasts, flies, and mammals, all carry a similar set of atg genes, although there are some significant differences between yeasts and higher eukaryotes. Autophagy is regulated by PI3 kinase type I and III. PI3 kinase type I is activated by growth factors like insulin and inhibits autophagy through PDK1 and AKT, which regulates mammalian target of rapamycin (mTOR). It is still unclear how activation of mTOR inhibits autophagy, but the mechanism may involve phosphorylation of Atg13, which is part of a protein complex with Atg1, a serine/threonine kinase. Since mTOR is regulated by many other proteins, regulation of the process of autophagy is likely to be very complex. PI3 kinase type III, which includes Atg6 in its complex, promotes the nucleation of autophagic vesicles (Figure 1 ). Expansion of autophagic vesicles is mediated by two ubiquitin-like conjugation systems: (1) the Atg12 pathway (involving Atg12 (ubiquitin-like), Atg7 (E1-like), Atg10 (E2-like), and Atg5) and (2) the Atg8 pathway (involving Atg8 (ubiquitin-like), Atg7 (E1-like), Atg3 (E2-like), and Atg4) (Figure 1 ). In the Atg12 pathway, Atg12 is conjugated to Atg5, while Atg8 is conjugated to phosphatidylethanolamine in the Atg8 pathway.
Autophagic death
Autophagic cell death is mainly a morphologic definition (i.e. cell death associated with autophagosomes/autolysosomes), and there is still no conclusive evidence that a specific mechanism of autophagic death actually exists. However, it is quite conceivable that constitutive autophagy could eventually destroy a cell. This hypothesis as well as previous reports that cells with autophagic features often exist in regions where PCD is occurring seem to support the existence of autophagic cell death. 7 One question that constantly arises, however, is whether autophagic activity in dying cells is the cause of death or is actually an attempt to prevent it. Morphological and histochemical studies cannot prove a causative relationship between the autophagic process and cell death. In fact, there have recently been strong arguments that autophagic activity in dying cells might actually be a survival mechanism.
One reason why this issue has not been resolved is a lack of a suitable experimental system to investigate autophagic death. We recently found that cytotoxic stimuli activate autophagic death in cells that are protected against apoptosis, such as those expressing antiapoptotic Bcl-2 or Bcl-x L , or those lacking both Bax and Bak (multidomain proapoptotic members of the Bcl-2 family that function as a gateway for a variety of apoptotic signals). 8 Lenardo's group has also found that cell lines such as L929 undergo autophagic death in the presence of z-VAD-fmk, a pancaspase inhibitor. 9 Autophagic Programmed Death is an Alternative to Apoptosis Bax/Bak-deficient mouse embryonic fibroblasts (MEFs) do not undergo apoptosis after exposure to a variety of apoptotic stimuli. 10, 11 Instead, we have found that these cells die in a nonapoptotic manner when exposed to various cytotoxic agents, such as etoposide, staurosporine, and thapsigargin. MEFs exposed to these agents show (1) loss of clonogenicity (the ability to form colonies) and (2) positive staining with propidium iodide (a marker of plasma membrane disruption), findings which are compelling evidence of cell death when taken together. 8 Electron microscopy has revealed that drugtreated Bax/Bak-deficient cells contain numerous doublemembrane vesicles 8 (also see Figure 2 ), which have been confirmed to be autophagosomes by the punctate distribution of GFP-LC3 (GFP-Atg8: a portion specifically concentrated on autophagosomes that is normally spread throughout the cytoplasm) 8 (also see Figure 3 ). This nonapoptotic form of cell death can be inhibited by suppressing autophagosome formation with autophagy inhibitors, such as 3-methyladenine (3-MA) and wortmannin, or by silencing Atg5 and Atg6, as assessed by several different methods. 8 Inhibition of cell death has been convincingly demonstrated by detection of improved clonogenicity 8 (also see Figure 4 ). Thus, these results indicate that autophagosome formation is required for cells to die after exposure to cytotoxic drugs, proving the existence of an alternative death mechanism to apoptosis that could be termed autophagic cell death. Independently, Lenardo's group has also shown by studies on several cell lines, including mouse L929 cells and human U937 cells, that a pancaspase inhibitor induces nonapoptotic death associated with autophagic manifestations, which is inhibited by silencing of Atg5 and Atg7. 9 Based on our observations and Lenardo's, we propose that a better definition of autophagic cell death would include an association with autophagosomes as well as dependence on autophagy proteins. In this regard, the death of Purkinje cells induced by the Lurcher mutation (a constitutive active mutation) of the d2 glutamate receptor (Glud2) could be categorized as a type of autophagic death because it is associated with autophagosomes and is inhibited by 3-MA. 12 It has been shown that Glud2 interacts with nPIST (a PDZ protein specifically interacting with TC10) that binds to Beclin 1 (Atg6), suggesting a molecular link between Glud2 and the autophagic machinery. 12 It was also recently reported that INFg induces Atg5-dependent autophagic death. 13 On the other hand, the following situation should not be considered as autophagic death: when Bax/Bak-deficient MEFs are cultured in the absence of amino acids, the process of autophagy is activated to prolong survival (Figure 3c ), but the cells eventually die of nutrient deficiency unless amino acids are provided. In this setting, inhibition of autophagy actually enhances cell death, indicating that such death does not depend on autophagy proteins ( Figure 5 ). The same is true for the death of an IL3-dependent cell line induced by IL-3 deprivation, because autophagy is activated but does not itself cause death.
14 In these situations, autophagy is activated as a mechanism that prolong cell survival ( Figure 6 ). We will discuss this issue further in the following sections.
Although it has been shown that Bax/Bak-deficient MEFs undergo autophagic death after exposure to etoposide, staurosporine, and thapsigargin, 8 neither X-ray irradiation nor TNF/cycloheximide induces autophagic death (our unpublished results), even though all of these stimuli induce apoptosis of wild-type (WT) MEFs. Similarly, in Bax/Bakdeficient thymocytes, autophagic death is readily induced by etoposide and staurosporine, 8 but not by dexamethasone (our unpublished results), although all of these reagents induce apoptosis in WT thymocytes. These results indicate that only certain death stimuli trigger the autophagic death of Bax/Bakdeficient cells, suggesting that particular signaling molecule(s) may be necessary for autophagic death, which is only activated by some cytotoxic stimuli.
It is also noteworthy that inhibition of caspases in WT MEFs treated with cytotoxic drugs inhibits apoptotic death but does not induce autophagic death. 8 On the other hand, overexpression of Bcl-2 or Bcl-x L in WT MEFs (which is equivalent to Bax/Bak-deficiency in MEFs in terms of inhibiting apoptosis) blocks apoptosis but promotes autophagic death. 8 These results imply that induction of autophagic death is not merely a consequence of the inhibition of apoptosis, but rather is regulated by the Bcl-2 family of proteins. This observation taken together with the finding that inhibitors of mitochondrial functions, such as respiratory chain inhibitors, can block autophagic death (our unpublished Figure 4 Inhibition of autophagic death in Bax/Bak-deficient MEFs by an autophagy inhibitor and by silencing of Bcl-x. Bax/Bak-deficient MEFs were left untreated (À) or treated ( þ ) with 1 mM staurosporine for 24 h in the absence or presence of 10 mM 3-methyladenine (3-MA). Cells were also treated with and without Bcl-x siRNA and then with 1 mM staurosporine for 24 h. Cell viability was assessed by a clonogenicity assay: cells were washed and replated in regular medium to allow the formation of colonies Whereas untreated healthy cells show diffuse distribution of GFP-LC3, Bax/Bakdeficient MEFs exposed to etoposide or amino-acid depletion show a punctate distribution of GFP-LC3, indicating the formation of autophagosomes. LC3 is known to be concentrated on autophagosomes results) suggests that the mitochondria need to be functioning to allow the induction of autophagic death at least in MEFs. This might be contrary to the situation in Drosophila, where autophagic activity is seen in dying cells of the salivary gland and mid guts along with activation of caspases. [15] [16] [17] Such findings imply that regulation of autophagic death varies considerably among different cells. In the fly, mitochondrial function might somehow be preserved even after caspase activation so that autophagic death occurs. Alternatively, autophagy may occur to more efficiently degrade the structural components of dying cells, and reduce the workload for phagocytes, and may not be a mechanism of cell death.
Studies performed with several culture systems have provided evidence that cells possess a novel death mechanism that depends on autophagy proteins. 8, 9 However, it can be argued that these are all nonphysiological models, so these findings do not necessarily indicate the physiological occurrence of this form of cell death. Of course, there are a number of in vivo situations where apoptosis is blocked at the mitochondrial level, such as upregulation of Bcl-2 or Bcl-x L . So, our findings imply that these cells may have the potential to undergo autophagic death. In any case, although the results should be treated with caution, these culture systems provide an opportunity to investigate the autophagic death in detail, and such studies provide new evidence about the physiological and pathological occurrence of the autophagic death in vivo.
Differentiating Autophagic Death from Autophagy
The same set of the proteins (Atg5, Atg6, and Atg7) and the formation of autophagosomes are involved in both autophagic cell death and autophagy that promotes cell survival. 8, 9 Therefore, a question arises as to how these two opposite outcomes are regulated. Bax/Bak-deficient MEFs show activation of autophagy in response to both starvation and drug treatment, thus providing a useful tool to answer this question. One hint revealed by our recent study is a significant difference in the expression of Atg5 and Atg6 proteins during these two processes, since the levels of both proteins remain low during autophagy (survival), whereas these proteins are highly upregulated during autophagic death. 8 Thus, it seems that the same set of proteins is involved in both autophagic death and autophagy (survival), but their regulation is substantially different during each process ( Figure 6 ). Certainly, it needs to be experimentally proven whether this difference in the expression of Atg5 and Atg6 proteins leads to the selection of autophagic death or autophagy that promotes cell survival.
Depletion of amino acids or serum from WT MEFs induces apoptosis, but if apoptosis is blocked (e.g. by Bax/Bakdeficiency), activation of autophagy provides the nutrients necessary for cells to survive. Therefore, blocking autophagy causes cell death to be enhanced (see Figures 5 and 6 ). On the other hand, drugs such as etoposide or staurosporine upregulate the expression of some Atg proteins, leading to Atg protein-dependent cell death (Figures 5 and 6) . It was recently shown that IL-3 deprivation induced autophagy in an IL-3-dependent myeloid cell line, but death was not dependent on autophagy, because its inhibition actually enhanced cell death.
14 Thus, IL-3 deprivation is similar to depletion of amino acids, in terms of creating a lack of something necessary for cell survival. Depletion of IL-3 is known to downregulate glucose uptake, eventually leading to an energy crisis 14 that causes the activation of autophagy so that cells can obtain energy. Therefore, the inhibition of autophagy under conditions of IL-3 deprivation or amino-acid depletion enhances cell death due to exacerbation of the energy crisis or shortage of essential components. On the other hand, when Bax/Bakdeficient cells are exposed to etoposide or staurosporine, an Figure 6 Autophagy and autophagic death. All stimuli (withdrawal of serum, amino acids, or lymphokines, and cytotoxic drugs such as etoposide and staurosporine) induce apoptosis of WT MEFs. When apoptosis is blocked by Bax/Bak-deficiency, only etoposide and staurosporine upregulate Atg5/Atg6 and activate autophagic death, whereas withdrawal of amino acids, serum, or lymphokines activate autophagy to prolong cell survival. Bcl-2/Bcl-x L is required for Bax/Bak-deficient MEFs to undergo autophagic death and might enhance the autophagic process via interaction with Atg6. STS: staurosporine Another way to die: autophagic programmed cell death Y Tsujimoto and S Shimizu energy crisis may not occur, judging from the observation that inhibition of autophagy improves cell viability. Thus, autophagy is activated in response to etoposide or staurosporine and leads to death by a totally different mechanism to that of autophagy related to cell survival. We think that autophagy may be activated in two different ways, which are (1) by depletion of factors that are necessary for cell survival and (2) by exposure to cytotoxic drugs or other stimuli that do not cause an energy crisis.
To explain this difference in the response, we hypothesize the existence of a specific signaling molecule 'X' that eventually causes the upregulation of Atg5 and Atg6 ( Figure 6 ). 'X' is probably activated by several cytotoxic stimuli, such as etoposide and staurosporine, but not by depletion of amino acids, serum, or lymphokines such as IL-3, although all of these stimuli can trigger apoptosis in normal cells. Detection of 'X' will be crucial for a better understanding of the molecular basis of the signaling pathway involved in autophagic death, as well as for providing a specific marker that allows us to readily distinguish autophagic death from autophagy (survival). Autophagic death is clearly seen after exposure to cytotoxic drugs only when apoptosis is inhibited. However, there might be a signal that specifically activates the autophagic death program in vivo, probably through 'X', without having an effect on the apoptotic machinery.
Signaling Pathway: Possible Involvement of Bcl-2 and JNK
Information concerning the molecular basis of autophagic death is extremely limited. All we currently know is that this form of cell death is dependent on autophagy proteins that are involved in the formation of autophagosomes. 8, 9 Consistent with the process of autophagy, Atg6 acts upstream of Atg5 during autophagic death. 8 The following questions remain to be answered: (1) How is the autophagic process activated by cytotoxic stimuli? (2) How are the processes of autophagy (related to cell survival) and autophagic death regulated? (3) Do autophagosomes sequester specific targets that lead to cell death? (4) Why does autophagy sometimes promote cell survival, but causes death under other circumstances?
One intriguing finding is that the autophagic death of Bax/ Bak-deficient MEFs requires the antiapoptotic proteins Bcl-x L or Bcl-2 8 (also refer to Figure 4) . Certainly, it is necessary to determine whether this observation also applies to other cells. As Atg6 is required for the autophagic death of Bax/Bakdeficient cells 8 and because Bcl-2/Bcl-x L (but not Bax/Bak) binds to Atg6 (also called Beclin 1 that was initially identified as a Bcl-2-binding protein), 18 Bcl-2/Bcl-x L might influence the creation of autophagosomes at least partly via regulation of Atg6. This notion is supported by the finding that an cytotoxic drug-induced increase of Atg5-Atg12 in Bax/Bak-deficient MEFs (which is regulated by Atg6) is markedly reduced by silencing of Bcl-x. 8 This hypothesis needs to be tested by using mutants of Bcl-2/Bcl-x L and Beclin 1 that cannot interact with each other.
Lenardo's group has shown that autophagic death of L929 cells is dependent on JNK, 9 although they did not determine how JNK and the autophagy machinery were linked. We have confirmed a crucial role of JNK activation in the autophagic death of Bax/Bak-deficient MEFs (our unpublished results), while autophagy that promotes cell survival does not depend on JNK (our unpublished results). Therefore, activation of JNK might be a useful starting point for investigating the signaling pathway of autophagic death.
Role of Autophagic Death in Physiological and Pathological Cell Death
It has been suggested that autophagic death may play a role in both physiological and pathological cell death. This issue has been addressed by some recent reviews. 19, 20 However, an important point to remember is that the existing evidence about the role of autophagic death in physiological and pathological cell death processes is rather weak, because it is mainly based on morphologic studies. Therefore, these findings are not discussed here -readers who are interested should refer to the above-mentioned reviews. In this context, discussion of a few points might be useful in terms of setting the direction for future studies on autophagic death.
Autophagic death might be a phylogenetically ancient process, because 'morphologically defined' autophagic death is observed in lower eukaryotes such as nematodes, flies, and slime molds. [21] [22] [23] [24] Since genetic manipulation of all these organisms is possible, compelling evidence about the role of autophagic death in PCD should be obtained in near future. 'Morphologically defined' autophagic death has been described in the field of developmental biology. It seems that autophagic death is common during tissue remodeling processes, such as metamorphosis in insects and organ morphogenesis during development. 7 Since autophagy can provide essential nutrients necessary for cells to survive, it is conceivable that autophagy may be used to provide nutrients to other cells in multicellular organisms. This could be an economical way for the remaining cells to reuse the components of organs or tissues that are removed during tissue remodeling and organ morphogenesis. What advantages might autophagic death have over apoptotic death as a form of PCD? It is conceivable that some PCD paradigms may destroy a massive number of cells, so that phagocytes might not be able to remove all of the apoptotic cells and debris. In contrast, the autophagic process could reduce the workload of phagocytes. At any rate, we still need to provide compelling evidence of the direct role of autophagic death in the physiological settings. Since mice are now available with deficiency of autophagy genes, such as Atg6-, Atg5-or Atg7-deficient mice, [25] [26] [27] [28] we could utilize such animals to verify that autophagic death plays a role in physiological PCD. Since yeast cells do not possess highly similar apoptotic machinery, but still die in the presence of cytotoxic drugs, it might be of interest to examine whether yeast cells undergo autophagic death.
It is very well established that the inhibition of apoptosis is a critical event in tumorigenesis. Elimination of cancer cells might not only occur via apoptosis but could also be mediated by other forms of cell death such as autophagic death. Some recent observations indicate that a decline of autophagic activity is related to tumorigenesis. 25, 26, 29, 30 Most importantly, it has been reported that heterozygosity of the atg6 gene significantly increases tumor development in mice. 25, 26 Since it has been shown that autophagy plays a role in antigen presentation, this process might be important for the presentation of tumor antigens 31 and inhibition of autophagy may allow tumor cells to escape immune surveillance. Alternatively, it has been shown that inhibition of autophagy increases the mutation rate in yeasts, although the underlying mechanism is unknown. If this also occurred in mammalian cells, an increase of the mutation rate by inhibition of autophagy in atg6 heterozygous mice would enhance tumor formation. It has also been suggested that inhibition of autophagy may increase cell proliferation. 26 However, there is also the possibility that autophagic death eliminates tumor cells, so its inhibition would facilitate tumorigenicity as does the inhibition of apoptosis.
To better understand the pathology and the potential therapeutic strategies for human diseases that are characterized by enhanced cell death, it is crucial to elucidate the death mechanism(s) directly involved in each of these diseases. Cell death associated with human diseases could occur via apoptosis, necrosis, autophagic death, or other mechanisms that are currently unknown. Treatment should depend on the actual mechanism of cell death that plays a role in disease onset. There have been some reports suggesting the involvement of autophagic death in various diseases, since cells with autophagic features are found in the lesions of some neurodegenerative diseases, such as Parkinson disease and Alzheimer disease, 7, 32, 33 as well as in some forms of myopathy. 33, 34, 35 Conclusion and Future Prospects PCD does not seem to be confined to apoptosis. Recent studies, 8, 9 although based on nonphysiological models, indicate that cells possess a mechanism of PCD that is associated with the formation of autophagosomes and depends on autophagy proteins -this is the true meaning of autophagic PCD. Although it will not be easy, it is now important to determine whether and to what extent autophagic death is involved when PCD occurs in vivo. It is also crucial to determine how apoptosis and autophagic death are regulated. Since there is a distinct possibility that autophagic death is involved in various human diseases, it would be invaluable to understand the molecular basis of autophagic death, so that new therapeutic strategies can be developed. Investigation of autophagic death is still in its infancy, but recently described culture systems, 8, 9 that allow autophagic death to be analyzed in detail, should be useful tools for studying this form of cell death under physiological and pathological conditions.
